Massive stars end their short lives in spectacular explosions, supernovae, that synthesize new elements and drive galaxy evolution. Throughout history supernovae were discovered chiefly through their delayed optical light, preventing observations in the first moments (hours to days) following the explosion. As a result, the progenitors of some supernovae and the events leading up to their violent demise remain intensely debated. Here we report the serendipitous discovery of a supernova at the time of explosion, marked by an extremely luminous X-ray outburst. We attribute the outburst to the break-out of the supernova shock-wave from the progenitor, and show that the inferred rate of such events agrees with that of all core-collapse supernovae. We forecast that future wide-field X-ray surveys will catch hundreds of supernovae each year in the act of explosion, and thereby enable crucial neutrino and gravitational wave detections that may ultimately unravel the explosion mechanism.
Stars more massive than about eight times the mass of the Sun meet their death in cataclysmic explosions termed supernovae (SNe). These explosions give birth to the most extreme compact objects -neutron stars and black holes -and enrich their environments with heavy elements. It is generally accepted that SNe are triggered when the stellar core runs out of fuel for nuclear burning and thus collapses under its own gravity (see Ref. 1 and references therein). As the collapsing core rebounds, it generates a shock-wave that propagates through and explodes the star.
The resulting explosion ejects several solar masses of stellar material with a mean velocity 2 of about 10 4 km s −1 , or a kinetic energy of about 10 51 erg. Less than a solar mass of 56 Ni is synthesized in the explosion, but its subsequent radioactive decay powers 1 the luminous optical light observed to peak 1 to 3 weeks after the explosion. It is through this delayed signature that SNe have been discovered both historically and in modern searches.
While the general picture of core-collapse has been recognized for many years, the details of the explosion remain unclear and most SN simulations fail to produce an explosion.
The gaps in our understanding are due to the absence of detailed observations in the first days after the explosion, and the related difficulty in detecting the weak neutrino 3 and gravitational wave signatures of the explosion. These signals offer a direct view of the explosion mechanism but require the discovery of SNe at the time of explosion.
In this paper we describe our serendipitous discovery of an extremely luminous Xray outburst that marks the birth of a SN of Type Ibc. Prompt bursts of X-ray and/or ultraviolet (UV) emission have been theorized 4,5 to accompany the break-out of the SN shock-wave through the stellar surface, but their short durations (just seconds to hours) and the lack of sensitive wide-field X-ray and UV searches have prevented their discovery until now.
Our detection enables an unprecedented early and detailed view of the SN, allowing us to infer 6 the radius of the progenitor star, its mass loss in the final hours prior to the explosion, and the speed of the shock as it explodes the star. Drawing on optical, UV, radio, and X-ray observations we show that the progenitor was compact (R * ≈ 10 11 cm) and stripped of its outer Hydrogen envelope by a strong and steady stellar wind. These properties are consistent 7 with those of Wolf-Rayet (WR) stars, the favored 8 progenitors of Type Ibc SNe.
Wolf-Rayet stars are also argued 9 to give rise to gamma-ray bursts (GRBs), a related but rare class of explosions characterized by highly-collimated relativistic jets. Our observations, however, indicate an ordinary spherical and non-relativistic explosion and we firmly rule out a GRB connection.
Most important, the inferred rate of X-ray outbursts indicates that all core-collapse SNe produce detectable shock break-out emission. Thus, future wide-field X-ray surveys will uncover hundreds of SNe each year at the time of explosion, providing the long-awaited temporal and positional triggers for neutrino and gravitational wave searches.
Discovery of the X-ray Outburst
On 2008 Jan 9 at 13:32:49 UT, we serendipitously discovered an extremely bright Xray transient during a scheduled Swift X-ray Telescope (XRT) observation of the galaxy NGC 2770 (d = 27 Mpc). Previous XRT observations of the field just two days earlier revealed no pre-existing source at this location. The transient, hereafter designated as X-ray outburst (XRO) 080109, lasted about 400 s, and was coincident with one of the galaxy's spiral arms (Figure 1 ). From observations described below we determine that XRO 080109 is indeed located in NGC 2770, and we thus adopt this association hereafter.
The temporal evolution is characterized by a fast rise and exponential decay, often observed for a variety of X-ray flare phenomena (Figure 1) . We determine the onset of the X-ray emission to be 9 +20 −8 s before the beginning of the observation, implying an outburst start time of t 0 ≈ Jan 9.564 UT. The X-ray spectrum is best fit by a power law (0.3 − 10 keV). We also measure significant spectral softening during the outburst.
The XRO was in the field of view of the Swift Burst Alert Telescope (BAT; 15−150 keV) beginning 30 min before and continuing throughout the outburst but no γ-ray counterpart was detected. Thus, the outburst was not a GRB (see also Suppl. Info.). Integrating over the duration of the outburst, we place a limit on the gamma-ray fluence of f γ ∼ < 8 × 10
erg cm −2 (3σ), a factor of three times higher than an extrapolation of the X-ray spectrum to the BAT energy band.
The total energy of the outburst is thus E X ≈ 2 × 10 46 erg, at least three orders of magnitude lower 10 than GRBs. The peak luminosity is L X,p ≈ 6.1 × 10 43 erg s −1 , several orders of magnitude larger than the Eddington luminosity (the maximum luminosity for a spherically-accreting source) of a solar mass object, outbursts from Ultra-luminous X-ray sources and Type I X-ray bursts. In summary, the properties of XRO 080109 are distinct from those of all known X-ray transients.
The Birth of a Supernova
Simultaneous observations of the field with the co-aligned Ultraviolet/Optical Telescope (UVOT) on-board Swift showed no evidence for a contemporaneous counterpart. However, UVOT observations just 1.4 hr after the outburst revealed 11 a brightening UV/optical counterpart. Subsequent ground-based optical observations also uncovered 11-13 a coincident source.
We promptly obtained optical spectroscopy of the counterpart with the Gemini North Thanks to the prompt X-ray discovery, the temporal coverage of our optical spectra exceeds those of most SNe, rivaling even the best-studied GRB-associated SNe (GRB-SNe), and SN 1987A ( Figure 2 ). We see a clear evolution from a mostly featureless continuum to broad absorption lines, and finally to strong absorption features with moderate widths. 
A Shock Break-out Origin
Since some SNe Ibc harbor GRB jets, we investigate the possibility that the XRO is produced by a relativistic outflow. In this scenario, the X-ray flux and simultaneous upper limits in the UV/optical require the outflow to be ultra-relativistic with a bulk Lorentz factor, γ ≈ 90, but its radius to be only R ≈ 10 10 cm; here γ
where v is the outflow velocity and c is the speed of light. However, given the observed duration of the outburst, we expect 20 R ≈ 4γ 2 ct ≈ 10 17 cm, indicating that the relativistic outflow scenario is not self-consistent (see Suppl. Info. for details).
We are left with a trans-or non-relativistic origin for the outburst and consider SN shock break-out as a natural scenario. The break-out is defined by the transition from a radiation-mediated to a collisional (or collisionless 21 ) shock as the optical depth of the outflow decreases to unity. Such a transition has long been predicted 4,5 to produce strong, thermal UV/X-ray emission at the time of explosion. A non-thermal component at higher energies may be produced 22 by multiple scatterings of the photons between the ejecta and dense circumstellar medium (bulk Comptonization).
We attribute the observed non-thermal outburst to Comptonized emission from shock break-out indicating that the associated thermal component must lie below the XRT low energy cutoff, ∼ 0.1 keV. With the reasonable assumption that the energy in the thermal (E th ) and Comptonized components is comparable, we constrain 6 the radius at which shock break-out occurs to R sbo 7 × 10 11 (T /0.1 keV) −4/7 (E X /2 × 10 46 erg) 3/7 cm. This is consistent with a simple estimate derived from the rise time of the outburst, R sbo = cδt ∼ 10 12 cm, and larger than the typical radii of WR stars, 23 R * ∼ 10 11 . We therefore attribute the delayed shock break-out to the presence of a dense stellar wind, similar 6, 18 to the case of GRB-SN 2006aj.
The shock velocity at break-out is 6 (γβ) ∼ < 1.1 and the outflow is thus trans-relativistic as expected 24 for a compact progenitor. Using these constraints, the inferred optical depth of the ejecta to thermal X-rays is τ ej ≈ 1.5(E X /2×10 46 erg)(R sbo /7×10 11 cm) −2 (γ −1) −1 ≈ 3, and Comptonization is thus efficient, confirming our model. Equally important, as the ejecta expand outward the optical depth of the stellar wind decreases and the spectrum of the Comptonized emission is expected 22 to soften, in agreement with the observed trend.
The shock break-out emission traces the wind mass loss rate of the progenitor,Ṁ , in the final hours leading up to the explosion. The inferred density indicatesṀ ≈ 4πv w R sbo /κ ≈ 
Two UV/optical Emission Components
The early UV/optical emission (t ∼ < 3 day) appears to be a distinct component based on its different temporal behavior and bluer colors (Figure 3 ). We attribute this early emission to cooling of the outer stellar envelope following the passage of the shock through the star and its subsequent break-out (marked by the X-ray outburst). The expected blackbody radiation is characterized 6 by the photospheric radius and temperature, which evolve as R ph ∝ t 0.8 and T ph ∝ t −0.5 , and depend on the total ejecta kinetic energy (E K ) and mass (M ej ), and on the stellar radius prior to the explosion (R * ).
The model light curves provide a good fit to the early UV/optical data ( Figure 3 ). The implied stellar radius is R * ≈ 7×10 10 cm, consistent with that expected 23 for a Wolf-Rayet progenitor. Moreover, this value is smaller than the shock break-out radius, confirming our earlier inference that the break-out occurs in the extended stellar wind.
The ratio of E K and M ej also determines the shape of the main SN light curve (e.g.,
Ref. 25) , and the mass of 56 Ni synthesized in the explosion (M Ni ) determines 26 its peak optical luminosity. To break the degeneracy between E K and M ej , we measure the photospheric velocity from the optical spectra at maximum light, v ph = 0.3(E K /M ej ) 1/2 ≈ 11, 500 km s −1 , comparable to that of ordinary SNe Ibc, but somewhat slower 17 than GRB-SNe (Figure 2 and Suppl. Info). We find that both light curve components are self- Figure 3 ).
Long-lived X-ray and Radio Emission
While UV/optical observations probe the bulk material, radio and X-ray emission trace The broadband radio emission on Jan 14 reveals a spectral peak, ν p ≈ 43 GHz, with a flux density, F ν,p ≈ 4 mJy, and a low frequency spectrum, F ν ∝ ν 2.5 . Subsequent observations show that ν p cascades to lower frequencies, similar to the evolution observed in other SNe Ibc (e.g., Ref. 27) . The passage of ν p through each frequency produces a light curve peak. We measure F ν ∝ t 1.4 and F ν ∝ t −1.2 for the light curve rise and decline, respectively ( Figure 4 ).
We highlight that our X-ray and radio observations of SN 2008D are the earliest ever obtained for a normal SN Ibc. At t ≈ 10 days, the X-ray and peak radio luminosities are several orders of magnitude lower 28,29 than those of GRB afterglows but comparable 30, 31 to those of normal SNe Ibc.
The Properties of the Fast Ejecta
Radio synchrotron emission is produced 32 by relativistic electrons accelerated in the SN shock as they gyrate in the amplified magnetic field. Self-absorption suppresses the spectrum below the peak to F ν ∝ ν 2.5 , in excellent agreement with our observations. In this context, we infer 33,34 the radius of the fast ejecta, using the measured ν p and L ν,p , to be R ≈ 3 × 10 15 cm at t ≈ 5 d. The implied mean velocity is β ≈ 0.25, clearly ruling out relativistic ejecta.
With this conclusion there are two possibilities for the ejecta dynamics. First, the SN may be in free expansion, R ∝ t, consistent with observations of SNe Ibc (e.g., Ref. 27).
Alternatively, the ejecta may have been relativistic at early time and then rapidly decelerated, leading to R ∝ t 2/3 . In the latter scenario the dynamics are governed 35 by the Sedov-Taylor solution. As discussed in the Suppl. Info., the temporal evolution of the radio light curves is clearly inconsistent with the Sedov-Taylor model, ruling out even early relativistic expansion.
Thus, the radio emission is produced by freely expanding ejecta, indicative of the broad velocity structure expected 24 for ordinary core-collapse SNe. The standard formulation 27 provides an excellent fit to the data (Figure 4 ) and indicates that the energy coupled to fast material is E K,R ≈ 10 48 erg, just 0.1% of the total kinetic energy. Moreover, the inferred density profile is ρ(r) ∝ r −2 , as expected for a steady stellar wind. The inferred mass loss rate,Ṁ ≈ 7 × 10 −6 M ⊙ yr −1 , is in agreement with our shock break-out value, indicating stable mass loss in the final ∼ 3 yr to ∼ 3 hr of the progenitor's life.
The radio-emitting electrons also account for the late X-ray emission through their inverse Compton upscattering of the SN optical photons (with a luminosity, L opt ). The
erg s −1 , in excellent agreement with the XRT and CXO observations. We note that the synchrotron contribution in the X-ray band is lower by at least two orders of magnitude.
Finally, we note that neither the late X-ray emission nor the radio emission show evidence for a rising component that could be attributed 36 to an off-axis GRB jet spreading into our line of sight. This conclusion is also supported by the unresolved size of the radio SN from VLBA observations at t ≈ 1 month, R ∼ < 2.4 × 10 17 cm (3σ), which constrains the outflow velocity to be γβ ∼ < 3.
The Rate of XROs
To estimate the rate of XROs we find that the on-sky effective monitoring time of the XRT from the launch of Swift through Jan 2008, including only those exposures longer than 300 s, is about two years. Along with the XRT field of view (24 arcmin on a side), the number density of L * galaxies (φ ≈ 0.05 L * Mpc −3 ), and the detectability limit of XRT for events like XRO 080109 (d ∼ < 200 Mpc), we infer an XRO rate of ∼ > 10 −3 L −1 * yr −1 (95% confidence level); here L * is the characteristic luminosity of galaxies. 37 This rate is at least an order of magnitude larger than for GRBs. 38, 39 On the other hand, with a core-collapse SN rate 40 of 10 −2 L * yr −1 , the probability of detecting at least one XRO if all such SNe produce an outburst is about 50%.
We find a similar agreement with the SN rate using the sensitivity of the BAT. The it may point to a recent episode of elevated star formation activity, perhaps triggered by interaction with the companion galaxy NGC 2770B at a separation 44 of only 22 kpc.
Implications for Supernova Progenitors
Our observations probe the explosion ejecta over a wide range in velocity, ∼ 10, 000 − 210, 000 km s −1 . Taken together, the material giving rise to the X-ray outburst, the radio emission, and the optical light traces an ejecta profile of E K ∝ (γβ) −4 up to transrelativistic velocities. This profile is in good agreement with theoretical expectations 24 for a standard hydrodynamic spherical explosion of a compact star, but much steeper 39 than for relativistic GRB-SNe.
On the other hand, we note the similarity between the shock break-out properties of between He-rich and He-poor explosions, perhaps including GRBs.
Looking forward, our inference that every core-collapse SN is marked by an XRO places the discovery and study of SNe on the cusp of a paradigm shift. An all-sky X-ray satellite with a sensitivity similar to that of the Swift/XRT will detect and localize several hundred core-collapse SNe per year, even if they are obscured by dust, at the time of explosion.
As we have shown here, this will enable a clear mapping between the properties of the progenitors and those of the SNe. Most important, however, X-ray outbursts will provide an unprecedented positional and temporal trigger for neutrino and gravitational wave detectors (such as IceCube and Advanced LIGO), which may ultimately hold the key to unraveling the mystery of the SN explosion mechanism, and perhaps the identity of the compact remnants. In addition, we find an absorption feature at 6200Å that can be identified as Si II or high velocity H I (see Suppl. Info. for details). Tables summarizing the observations and data analysis are available in the Suppl. Info. The data have not been corrected for host galaxy extinction and have been offset (as labeled) for clarity. We fit the data prior to 3 days with a cooling envelope blackbody emission model 6 (dashed lines) that accounts for host extinction (A V ). We find a reasonable fit to the data with R * ≈ 10 11 cm, cm, E K,R ≈ 10 48 (t/5 d) 0.8 erg, and B ≈ 2.4(t/5d) −1 , where B is the magnetic field strength.
The implied density profile is ρ(r) ∝ r −2 , as expected for the wind from a massive star.
Panel b: Broadband radio spectra. The spectral peak of the radio synchrotron emission cascades to lower frequencies over the course of our follow-up observations with ν p ∝ t −1 . 
